An assessment of the genetic diversity of nine microsatellite loci in honeybees of different origin (evolutionary lineages M, C, and hybrids) from different geographical regions of Siberia was conducted in order to find the genetic markers of the Siberian ecotype of darkcoloured forest bee (Apis mellifera mellifera). The greatest genetic diversity (both in the number of alleles and the calculated expected heterozygosity) was shown for loci A008, A113, Ap049, and A043 in honeybees from the Tomsk region, as bees from the southern districts had higher genetic diversity than bees from the northern districts. Honeybees from the Eastern region of Siberia (Yenisei population) had the lowest level of genetic diversity on these loci compared to Tomsk bee populations. Allele 162 pb of the locus A008, allele 126 bp of the locus A043, and allele 218 bp of the locus A113 can be considered as genetic markers of the A. m. mellifera Siberian ecotype.
Introduction
The honeybee, as a natural pollinator and one of the important elements of the ecosystem, is of great interest for ecological, biocenological, and population studies [1, 2] . It is necessary to monitor the population genetic structure of the honeybee and analyse its gene pool, stability, and dynamics for a number of generations in order to understand how changes to habitat may have affected the functioning and evolution of ecosystems (agricultural systems).
The honeybee Apis mellifera L. has a large natural habitat covering the whole of Africa, Europe, and the Middle East. In Europe, there are several subspecies of honey bee, but only the subspecies Apis mellifera mellifera (or the dark-coloured forest bee) mastered the forest steppe and forest zones and has a natural range along the northern border of Eurasia, up to about 60° N. In Siberia, the honeybee was introduced about 230 years ago. It was the dark-coloured forest bee A. m. mellifera, or the Middle Russian race (a term adopted in Russia), which is well adapted to the local climate and plant communities and is an artificial population whose wintering is controlled by people [3] .
In recent decades, as a result of human activity, a dramatic decrease in the number of populations of the unique bee Apis m. mellifera and massive bee hybridization (mainly, the dark-coloured forest bee and southern subspecies) have been observed in Europe and Russia, including Siberia. The observed bee hybridization reduces the range of native subspecies and modifies the genetic pool of local bee populations leading to the loss of their genetic identity [4] . Hybrid populations are less adapted to environmental conditions and are characterized by a higher morbidity and low immunity [5] [6] [7] [8] .
In Siberia, in connection with the active importation (since the end of the last century) of the southern subspecies of bees, such as the Carpathian race or A. m. carpatica (a derivative of A. m. carnica) and Gray Mountain Caucasian bee (A. m. caucasica Gorb.), hybrid populations began to be registered in the different districts of the region [9] . In a comprehensive study of some populations of honeybee (332 colonies) in Siberia (Tomsk region, Krasnoyarsk Krai, and Altai) by morphometric and molecular genetic methods (analysis of COI-COII mtDNA locus and microsatellite loci) the following was established: (1) 64% of bee colonies from the Tomsk region and all colonies studied from the Krasnoyarsk and the Altai territories originate from Apis m. mellifera on the maternal line; (2) according to the morphometric study, the majority of bee colonies of the Tomsk region are hybrids; in some colonies, the mismatch of morphometric and mtDNA data was observed when testing bees for compliance with the breed standard; (3) Yenisei population may be considered as a unique Apis m. mellifera population; and (4) microsatellite analysis (loci A008, Ap049, AC117, AC216, Ap243, H110, A024, A113) showed the specific distribution of genotypes and alleles for some loci in the bees, which differ by geographical location (Siberia, the Urals, Europe) (see details in reference [9] ).
The goal of this work is to study the genetic diversity of honeybees living in the different climatic conditions of Siberia and to assess the influence of ecological factors on the formation of the gene pool structure of the bee population.
Materials and methods
Bees and bee colonies were investigated in 3 different geographical regions of Siberia: the northern and southern districts of the Tomsk region (Western Siberia) and the Yenisei population (Krasnoyarsk Krai, Eastern Siberia) ( Figure 1 ). The northern and southern districts of the Tomsk region differ in ecological features and climatic characteristics (hydrothermal conditions, duration of the winter season, the species composition of plants, and degree of anthropogenic load). The climatic characteristic of the northern region is a more severe and prolonged winter season; the southern districts are characterized by a high anthropogenic pressure; in contrast to the northern district with a low apicultural activity, the southern district is characterized by a high activity in beekeeping and active importation of southern bee races. The Yenisei population of Krasnoyarsk Krai is the unique isolated Old Believers' population of A. m. mellifera, which existed for more than 60 years in forest without the importation of new honeybees.
In all, 43 bee colonies (15 apiaries) in 8 districts of the Tomsk region were investigated by molecular genetic methods. The total included 25 bee colonies (9 apiaries) from five northern districts (Parabelsky, Kolpashevsky, Chainsky, Molchanovsky, and Bakcharsky) and 18 bee colonies (6 apiaries) from three southern districts (Asinovsky, Zyryansky, and Tomsky), and 10 bee colonies (2 apiaries) of the Yenisei population of Krasnoyarsk Krai.
Each bee colony has been studied using the mtDNA analysis (locus COI-COII) to determine the origin of the colony on the maternal line (5-6 individuals from colony) and microsatellite analysis (from 10 to 30 bees from colony for different loci). All bee colonies of the Yenisei population, and some bee colonies from the Tomsk region, were studied by morphometric analysis (morphometric parameters of wing, including the cubital index, the hantel index, and the discoidal shift were analysed) (see details in references [9] [10] [11] ). In total, 721 bees (53 bee colonies) were studied.
DNA isolation and polymerase chain reaction (PCR) was carried out according to standard techniques with some modifications [12, 13] . To amplify the COI-COII mtDNA locus, the following sequences of primers were used: 3′-CACATTTAGAAATTCCATTA, 5′-ATAAATATGAATCATGTGGA [12] . Amplification products were fractionated in 1.5% agarose gel, and the results were documented with the use of Gel-Doc XR+.
Variability of nine microsatellite loci was studied: A008 (=A8), Ap049, AC117, Ap243, H110, A024, A043, A113, and SV185. PCR was performed using specific primers and reaction conditions according to Solignac et al. [14] . Amplification products were analysed with ABI Prism 3730 Genetic Analyser (Applied Biosystems, Inc., Foster City, CA), and GeneMapper Software (Applied Biosystems, Inc.). Two microlitres of PCR products were mixed with GeneScan500-ROX size standards (Applied Biosystems, Inc.) and deionized formamide. Samples were run according to the manufacturer's recommendations. The genetic parameters calculated were allelic frequencies, expected heterozygosity, and its standard error.
Results and discussion

Geographical differentiation of bee colonies for microsatellite loci
Variability of nine polymorphic microsatellite loci, including seven earlier studied microsatellite loci (A008 (=A8), Ap049, AC117, Ap243, H110, A024, and A113 -see details in references [9, 15, 16] ) and two new (previously uncharacterized) microsatellite loci (A043 and SV185), in honeybees from different Siberian populations were analysed. For each locus, the range and frequency of alleles and expected heterozygosity were determined (Tables 1 and 2 ).
Among the 9 microsatellite loci examined, the greatest genetic diversity (both in the number of alleles and the calculated expected heterozygosity) was shown for loci A008, A113, Ap049, and A043 (Tables 1 and 2 ; shown in bold) in honeybees from the Tomsk region, as bees from the southern districts had higher genetic diversity then bees from the northern districts. Honeybees from the Eastern region of Siberia (Yenisei population) had the lowest level of genetic diversity on these loci in comparison with Tomsk bee populations, Table 1 . allele diversity at 9 microsatellite loci in honeybee from different Siberian populations (tomsk region and Krasnoyarsk Krai).
notes: Here and in table 2: 1 -bees from colonies of different origin (three variants of the CoI-CoII mtdna locus were registered: PQQ, PQQQ (typical for middle russian race), and Q (typical for southern races)); 2 -subspecies determined according to the morphometric and mtdna analysis (see details in reference [9] ). and microsatellite loci such as A008 and A043 were monomorphic (only one homozygous genotype was registered in all the studied bees). One possible reason for the low genetic diversity is the isolation of the Yenisei population (genetic drift), although some microsatellite loci show a high level of genetic diversity. Thus, for the locus A024, the maximum number of alleles (7) was registered in bees of Yenisei population; expected heterozygosity (H e ) was 0.684. Consequently, not only the genetic drift, but also the adaptive advantage (specific adaptation to the environment) of these alleles, can cause the loss of genetic diversity in the isolated population. For the loci AC117, H110, SV185, and Ap243, the common allele spectrum with different allele frequency was registered in bees of different locations, and the expected heterozygosity was higher in bees from the northern and/or eastern districts of Siberia than in bees from the southern districts.
Locus
It would be expected that a higher genetic diversity will be shown for bees from southern districts than for bees from northern districts, and especially for an isolated population, because the southern districts of the Tomsk region show more developed beekeeping and imported bee colonies from different origins to this territory, so that there are different races of bees in the same area, and thus a heterogeneous population. But only half of the studied loci show high genetic diversity in bees of southern districts; other loci show a high diversity in bees from northern and eastern districts. These differences may reflect the role of geographical and ecological factors (specific adaptation to local conditions).
Geographical differentiation of bee colonies of different origin by microsatellite loci
The different subspecies (race) of honeybee and their hybrids inhabit Siberia (see details in Table 1 ). On the one hand, the races have specific genetic features; on the other hand, bee races are differently represented in the northern and southern regions of the Tomsk region. This may be the reason for identified genetic differences between bees of northern and southern populations according to the microsatellite analysis. In order to identify the effects of subspecies composition and the influence of environmental factors (north -south) on the genetic diversity of bees from different geographical regions, the comparative analysis of the variability of the studied loci was carried out for three bee groups (from the Tomsk region) of different origin on the maternal line according to mtDNA analysis: bees originating from A. m. mellifera (PQQ or PQQQ variants of the COI-COII locus, branch M), southern race A. m. carpatica (Q variant, branch C), and hybrids (different variants were registered in the same colony -PQQ/Q or PQQQ/Q) ( Table 3) . Microsatellite loci are different in variability, allele spectrum, the frequency of alleles, the dominant alleles, and geographical differentiation. For example, when comparing bee groups of different species and/or different geographical localization for the loci AC117 and H110, the clear differentiation of bees has not been shown. For all studied bee groups, allele 184 bp of locus AC117 and allele 162 bp of locus H110 (except Parabelsky district) were predominant. For locus SV185 having a wide allele spectrum (from 2 to 5 alleles), the similar pattern (no specific character, the absence of a dominant allele) was also found, and probably indicates the random nature of the variability of genetic diversity on this marker (no adaptive significance).
For loci A008, Ap049, and A043, the differentiation between bees originating from A. m. mellifera (PQQ or PQQQ, evolutionary branch M) and bees of southern races (Q, branch C, mainly A. m. carpatica) was registered. However, hybrids, for which we would expect the combination of genetic diversity of the two subspecies, alleles specific to A. m. mellifera (branch M) are registered with greater frequency. Thus, for the locus A008, the allele 162 bp specific for A. m. mellifera, was registered in hybrids with a frequency of more than 0.72. For the locus Ap049, allele 127 bp specific for A. m. mellifera, was also detected in hybrids with high frequency (≥0.71), but allele 139 bp typical for the southern subspecies was rare (frequency was from 0.12 to 0.28). Finally, for loci A043 and A113, various dominant alleles were detected in the bees of different evolutionary branches: alleles 126 bp (A043) and 218 bp (A113) are specific for bees of branch M; alleles 140 bp (A043) and 212 bp (A113) are characteristic for bees of branch C.
These results are consistent with those obtained for bees of different origins from the European population [17] , i.e. the loci A043 and A113 may be candidate DNA markers for differentiation of bee subspecies of different evolutionary branches. But for the hybrids of Siberian populations, the allele 126 bp of the locus A043 and the allele 218 bp of the locus A113 are dominant (the frequency is ≥0.69 and ≥0.59, respectively). Interestingly, only allele 126 bp of locus A043 was registered in bees of the Yenisei population. Our results may indicate the adaptive significance of these alleles to environmental conditions. This assumption was confirmed by a study of European bee populations with a variable level of introgression, mainly by alleles from the C lineage. A good correlation between the frequency of C haplotypes and C nuclear genes was established [17, 18] . In our study, according to the values of genetic distances (on a set of microsatellite loci) between different races (r = 0.7208) and hybrids of different origins (both from A. m. mellifera (r = 0.8200), and from the Carpathian race (r = 0.5712)), in the process of hybridization, the honeybees of southern origin (the Carpathian race, C haplotype) quickly lose their genetic specificity and are becoming more similar to the A. m. mellifera (M haplotype) (r = 0.0584) with respect to genetic diversity.
Previously, we compared the genetic variability of some microsatellite loci in honeybees A. m. mellifera from different geographic regions (Siberia, the Urals, and Europe) using our own data (Tomsk region and Krasnoyarsk Krai) and literature data (see details in reference [9] ). Of considerable interest in terms of the adaptive significance of some alleles to the environmental conditions is locus A008 for which the differences in the spectrum of alleles and the frequency of allele registration were revealed in honeybees of Siberian, the Ural, Table 3 . allele diversity at 9 microsatellite loci in honeybee populations from the tomsk region, taking into account their origin of the maternal line (variants of the CoI-CoII mtdna locus). and European populations. For honeybees of the Ural and Europe populations, shorter alleles of locus A008 were predominant (154 and 148 bp, respectively), whereas for bees from Siberia, allele 162 bp was the most specific (in bees of the Yenisei population, only this allele has been registered). Probably this locus should be considered as a marker related to geographic and environmental conditions (specific adaptation to local conditions) [5] [6] [7] [8] 19 ].
Geographical location, district
Conclusion
Expanding the habitat area of any organism, including honeybees, is accompanied by their adaptation to the new conditions of the habitat and the formation of ecotypes which differ from each other in characteristics, important for adaptation to specific environmental conditions -the behavioural, morphological, and physiological, which are based on genetic factors [6] . The evolution of the dark-coloured forest bee occurred in various climatic conditions, including the harsh conditions of Siberia. In contrast to other subspecies of honeybee, A. m. mellifera is characterized by a high level of adaptation to adverse environmental factors and greater resistance to diseases. It is expected that such a vast territory cannot be inhabited by only one subspecies of A. m. mellifera honeybee, with a similarly structured gene pool in all local populations. Most likely, there are ecological groups (ecotypes).
The present study was aimed at finding significant genetic markers for the adaptation of A. m. mellifera to the environmental and geographical conditions of Siberia. Accordingly, the research examined a variety of 9 microsatellite loci in bees that live in three regions of Siberia (northern and southern districts of the Tomsk region, Krasnoyarsk Krai), as well as bees which differ in origin (A. m. mellifera, southern races, hybrids), living in the southern and northern districts of the Tomsk region. The study has allowed us to allocate microsatellite loci, which are potentially important for the definition of ecotypes of the darkcoloured forest bees. First of all, it is locus A008, for which a specific spectrum of alleles was detected for A. m. mellifera, living in Siberia, as compared to bees of this subspecies from other regions (Europe, the Urals), as well as hybrids of A. m. mellifera and the southern race of the Tomsk region. In addition, allele 126 bp of the locus A043 and allele 218 bp of the locus A113 may be considered as markers of adaptation to the conditions of Siberia; the frequency of these alleles was high in individuals of A. m. mellifera living in Siberia and in hybrids of A. m. mellifera and southern subspecies; and these alleles are not specific for southern subspecies. Microsatellites AC117, H110, and SV185 were not informative loci for revealing markers of the Siberian ecotype of A. m. mellifera.
For assessing the adaptive and selective potential of honeybees, it is necessary to continue the gene-geographical research of honeybees, taking into account not only the bee race, but also climatic conditions (ecological factors) that influence the formation of specificity in the gene pool structure of honeybees in different regions.
